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I. I n t r o d u c t io n
Investigations on binary and ternary mixtures of 
noneleclrolytes by calculating excess thermodynamic 
parameters are found to be highly useful in understanding 
lhe solute-solvent interactions in these mixtuies. Ultrasonic 
wave propagation affects the physical properties of the 
medium and hence, can furnish information on the physics 
of the liquid and liquid mixtures. The measured ultrasonic 
parameters are being extensively used to study 
intermolecular processes in liquid systems 11—3]. The 
sign and magnitude of non-linear deviations from ideal 
values of velocities and isentropic compressibilities of 
liquid mixtures with composition are attributed to the 
difference in molecular size and strength ol interaction 
between unlike molecules [41. The present investigation is 
a continuation of our studies on thermodynamic properties 
of binary and ternary liquid mixtures containing dimethyl 
sulphoxide (DMSO). DMSO is a versatile compound, used 
as a cryoprotectant for macroinolccules. organelles, cells 
and tissues [5|. It is widely used as solvent, plasticizer 
and chemical intermediates. Binary and ternary mixtures 
of DMSO with aromatic solvents arc of interest in studies
of polymer miscibility, polymer phase diagrams and 
preferential interaction of polymers in mixed solvents [6~ 
81 Therefore, a better understanding of the physicochemical 
properties of mixed solvent systems : l ■ DMSO + carbon 
tetrachloride + benzene, II-DMSO + carbon tetrachloride + 
toluene and III-DM SO 4- carbon tetrachloride + 
chlorobenzene may help in the study of chemical and 
biological processes in these media. Moreover, no 
ultrasonic or volumetric behaviour of these ternary mixtures 
are teported in the literature
The present paper deals with the study of ultrasonic 
velocity u, isentropic compressibility Ks, intermolecular 
free length L f, molar volume V, acoustic impedance Z and 
their excess values for these ternary systems. The results 
throw light on intermolecular interaction between the 
component molecules of the mixtures.
2. E x p e r im e n ta l
Dimethyl sulphoxide, carbon tetrachloride, benzene, toluene 
and chlorobenzene used were of analytical grade (L. Merck 
and BDH). DMSO used was 99.5% pure and was further 
purified by the methods described by Gopal ct a l  [9].
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Benzene was purified hy the methods described by Naidu and 
Krishnan | 101. Carbon tetrachloride, toluene and 
chlorobenzene were purified by standard methods described 
in the literature 11 I J 2 |.  The densities of pure liquids and 
their mixtures were measured using a single-capillary 
pycnometer (made of Borosil glass) of bulb capacity 
8 x |()-' dm \ The marks on the capillary were calibrated 
with triple distilled water. The accuracy in density 
measurements was found to be ±0.0001 g cm”3. The 
ultrasonic velocities of pure liquids and their mixtures 
were measured using single crystal variable path 
interferometer at 2 MHz by the methods of Subrahmanyam 
and Murlhy (13| with an accuracy of ±0.05%. The 
temperature ol the test liquids and their mixtures was 
maintained to an accuracy of ±0.02 K in an electronically 
controlled thermostatic water bath. Nine ternary mixtures 
of DMSO with carbon tetrachloride and aromatic 
hydrocarbons were prepared by weight in the increasing 
mole fraction of DMSO. The purity of the chemicals 
was checked by comparing the densities and ultrasonic 
velocities of pine liquids with those reported in the 
literature 114- I6|.
3. Results und discussion
The dependence of ultrasonic velocity, it on mole fraction a 
of DMSO in all the three ternary liquid mixtures was 
checked by a polynomial equation
ln//(,i*) = ^M nu,A' . (I)
The coefficients Inn, along with the standard deviations 
a  (In u) for the ternary mixtures are presented m Table 1. It 
is found that eq. ( I ) reproduces the experimental ultrasonic 
velocities within ±1.0022, ±1.0034 and ±1.0014, 
respectively, lor the three ternary liquid systems under 
study.
T a b ic  1. C oefficien ts (In u,) ol eq ( I )  along with siandaid deviations a  
(In it) for the tem uiy  system s
System In <i() In /f| 111 u2 In it\ In u\ cr ( I11 u)
D M SO  + CCI4 
+ < V «6
7 0571 0 1754 0 3634 0 7604 - 0  4082 0 0 0 22
D M SO  + CCI4 
+ C Y ,H ,CH ,
7 0100 0 5390 - 1  7 4 1 1 0 3 196 - 1 81.34 0 00.34
D M SO  + C C I4
+ C 6 H ,C I
7 0778 -0 .0103 0  2091 0 0072 - 0  0446 0 0014
From the measured ultrasonic velocity and density p, the 
iscntropic compressibility, K s of a solution is determined 
by using the relation 117|
K s = IfpiC- . (2)
The ultrasonic velocity is also influenced by the 
acoustic impedance, Z given by the relation [18]
Z = up. (3)
The intermodular free length, L f is the distance covered 
by a sound wave between the surfaces of the neighbouring 
molecules, and is given by Jacobson [19] :
L t = K ( K ,  )l/2, (4)
where K  is the temperature-dependent constant. The excess 
properties have been calculated using the following general 
equation
A^ =: ^mixtuie “ (Ti^l ± -^ 2^2 ±-*3^ 3), (5)
where A , is the parameter ( K s< V, Z) for DMSO; A 2 and 
A * are the same parameters for CCI4 and aromatic 
hydrocarbons, respectively; a ,, .v2 and arc the mole 
fractions of DMSO, CC14 and aromatic hydrocarbons, 
respectively, (volume fraction <p instead of jc is used for 
calculation ol Af' ).
The experimental values of densities and ultrasonic 
velocities and calculated values of Lfi V and Z at 
308.15 K over the entire composition range are presented 
in Table 2. The excess functions K*:t Uj, VL andZ /; ol 
all the three ternary systems, evaluated using eq. (5), are 
summarised in Table 3. It is evident from Table 2 that 
ultrasonic velocity and acoustic impedance increases while 
m olar volume, iscntropic com pressib ility  and 
intcrmolccular Ircc length decrease with the increase in 
concentration o! DMSO in all the mixtures. The 
pronounced increase or decrease in Ihcse parameters with 
composition of the mixtures indicates ihe presence ol 
interaction between the component molecules in the 
ternary mixtures. The values of excess iscntropic 
compressibility, (Table 3) are almost negative in 
DMSO + CC14 + system which suggest that
structure making effect 120-221 is predominant in this 
system. This decreases the free spaces between the 
molecules in the mixtures, due to increased molecular 
interaction, which would, in turn, provide a negative 
deviation in compressibility. Table 3 shows that the values 
of lor the systems DMSO + CC14 + C6HsCH 3 and 
DMSO + CCI4 + C6H<sCI arc positive upto x\  -0.5722 and 
0.5658, while they become negative at higher mole 
fraction of DMSO. A change in sign in K*-  from 
positive to negative as the amount of DMSO in these 
mixtures increases is indicative of increased interaction 
between the component molecules of the mixtures. Fort 
and Moore [4] have suggested that becomes
increasingly negative as the strength of interaction between 
molecules increases.
In the system DMSO + CC14 -1- C^H^, DMSO is 
highly polar (dipole moment p  = 3.96 D) [23] while 
both CCI4 and C6H6 are non-polar (p = 0) [23]. Mixing 
of henzenc/carbon tetrachloride with DMSO tends to break
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Tabic 2. V a lu e s  ol d e n s ity  (/?), u ltra so n ic  v e lo c ity  ( u ). isen tro p ic  co m p iessih ilit>  in te rm o lecu la i l ic e  leng th  (Lf).
m o la r v o lu m e  (V) and  a co u s tic  im ped an ce  < /) of (I) D M SO  ■* CC14 + C 6 H<V (11 > U M SO  ♦ C‘C*14 + C (>H sC ID  and (111) D M SO  +■ 
C C I4 + C gH ^C I ternary  m ix tures at 308 15 K
Mole fiaction L,
*3 ( 1 0 * m ') (m  s l ) ( I t r 10 m J N '(> 11 no ( 1 0  s m * mol 1) ( I0 (> kp in ~ s
D M SO  (1) + C C I4 (2) ^ cv i< > o >
0 .1004 0  1832 0 .7164 1.0225 1177 7 7 0513 5 5(0 3 8 99(» 4 l 7.042
0 .1966 0  1 7 % 0  6238 1 033 0 1 193 2 6 7994 5 461 1 8 8779 1 2 326
0.2891 0 .1 7 6 0 0  5350 1 0527 1200 7 6 589 1 5 3759 8 6807 l 2640
0  3779 0  1725 0  4496 1 0723 12192 6 2738 5 2458 8 50 3 3 l 3073
0  4633 0 1692 0  3675 1 0922 1228 9 6 0677 5 1 567 8 3756 1 3 422
0  5455 0  1661 0  2884 1 1153 1254 5 • 5 697 3 4 9989 8 |3 |7 1 399|
0  6247 0  1630 0 2 1 2 3 1 1364 1274 4 5 4182 4 8749 7 9604 1 4482
0  7 0 1 0 0 .1 6 0 0 O 1390 l 1523 1288 1 \ 5 2304 4 7897 7 83) 3 1 4843
0  7746 0  1571 0  0683 1 1693 1.316 5 }
j
4 9.344 4 6572 7 699 | 1 5 394
!
D M SO  ( l ) ^ C C l4 ( 2 ) + C„ H s( > h  (3)
0  1 135 0  207 3 0 6792 1 0097 H 5 4  8 : 7 4267 S 7074 10 7 3 17 1 1660
0  2187 0  1996 0  5817 1 0385 1181 4 6 8992 5 5010 9 7634 1 2269
0  3164 0 .1926 0  4910 1 05 36 1191 2 6 6889 5 4165 9 4522 I 2550
0  4075 0  1860 0  4065 1 0733 1203 7 6 4 305 5 3108 9 1221 1 2919
0  4925 0  1800 0  3275 1 0959 1239 2 5 9422 5 1052 8 7906 1 3580
0  5722 0  1741 0 .2537 1 1118 1259 2 5 6726 4 9881 8 5327 1 4000
0  6469 0  1687 0 1844 1 1307 1277 9 5 4158 4 8738 8 2 6 8 1 1 4449
0 7 1 7 1 0 .1637 0  1192 1 1509 1306 0 5 0942 4 7269 8 0104 1 5031
0 .7832 0  1589 0  0579 1 1688 1322 5 4 89 1 8 4 6371 7 7833 1 5457
D M SO  (1) 4 CC14 (2 ) 4 CV I .C K 3 )
0  1 10 2 0  2 0 1  i 0  6887 1 0124 1 186 9 7 01 16 5 5456 1 1 56 35 1 2016
0 2 1 3 1 0  1947 0  5922 1 0348 1 194 7 6 7706 5 4495 10 9444
1 2363
0  3096 0  1885 0  5019 1 0585 1205 2 6 5042 5 3412 10 3615 1 2757
0  40 0 2 0  1828 0  4 1 7 0 1 0823 1 2 1 9 7 6 2108 5 2193 9 8235 1 3201
0  4855 0  1773 0  3372 1 1327 1234 8 5 7902 5 0 395 9 1076 1 3987
0  5658 0  1722 0  2620 1 1688 1258 4 5 4028 4 8680 8 5717 1 4708
0  6416 0  1674 0  1910 1 1861 1279 6 5 1491 4 7523 8 2098 1 5177
0 7 1 3 3 0  1628 0 .1239 1 1868 1292 0 5 0477 4 7053 7 9812
1 53.33
0  7812 0  1585 0  0603 ] 1930 1320 6 4 8064 4 5915 7 7288
l 5755
T able 3. Values o f excess isentropic compressibility ( AT^  ), excess inlermolecuLii lice length i l / j  ). excess volume ( V 1 > and 
excess acoustic impedance U , : ) ol (I) DM.SO + CCI4 -1 C6H(), (II) DMSO + CCI4 i Q .llsC H i and (III) DM.SO + CCI4 4 
ternary mixtures at 308 15 K
_  .... ~ ;>? ' ................. yk
Mole fraction
*1 M
«(■
t n r 10 N" (10 12 Ml) (I O'6 in mol 1) ( I04 kg in 2 s 1)
0.1004 0 1832 0 7164
0.1966 0 1796 0.6238
0.2891 0 1760 0 5350
0.3779 0 1725 0 4496
0 4633 0 1692 0 3675
0.5455 0 1661 0 2884
0 6247 0.1630 0 2123
0 7010 0 16(X) 0 1390
0 7746 0 1571 0.0683
DMSO (1)4- C’CI4 (2) + C„H6 O)
-1 .0635 0  2515
0 5686 0 0664
0 .2 2 1 2 0  4826
0  1512 0  3986
0  4106 0  6795
0  6705 0 2284
-0  9829 0  0744
0  4730 0  2682
- 1  1302 O  0980
0  (X)82 1 0440
0  6133 - 0  9504
0 4315 2 4498
0  2701 2 5708
0 0966 3 3724
0  299? 1 8045
0 5257 0 8698
- 0  3845 1 0945
O  3249 0  7228
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Table 3. )
M ole fraction K l
\ i < i ( r 10 n r  N- 1 )
0  1135 0 2073 0 6792
DM SO <l) + r a 4 
3 5052
0 2 1 8 7 0 1996 0 5817 1 4646
0 3164 0 1926 0 4910 2 3669
0 4075 0  I860 0 4065 2 5828
0  4925 0  1800 0.3275 0  3155
0 5722 0 1741 0.2537 0 0683
0 6469 0  1687 0 1844 - 0 2036
0 7 171 0 1637 0 1 192 - 1 2602
0 7832 0 1589 0 0579 - 1  2513
0  J 10 2 0  2 0 1 1 0 68X7
DM SO ( l ) - f  ( T f  
7 6967
0 2 131 0  1947 0 5922 7 2703
0.3096 0 1885 0 5019 6 4651
0,4002 0  1828 0 4170 5 2768
0 4855 0  1773 0  3372 2 7126
0 5658 0  1722 0  2620 0 3867
0 6416 0.1674 0 1910 - 0  6901
0 7133 0  1628 0 12*9 -0  *223
0.7812 0 1585 0 0603 -1.4281
DMSODMSO dipolar association releasing several DMSO 
dipoles. Consequently, the free dipoles of DMSO would 
induce moments in the neighbouring CCl4/C f)H 6 
molecules, resulting in dipole-induced dipole interactions 
leading to contration in volume, hence, reduction in 
compressibility of the system. Moreover, the possibility of 
weak interaction of donor-acceptor type between ^-electrons 
of benzene ring and electronegative chlorine atom of carbon 
tetrachloride is always there f I 11. These two effects are 
jointly responsible for the negative K E values. In case of 
DMSO + CCI4 -f C6H sC H v toluene molecule is weakly 
polar ( f j  = 0.37 D) |23J. The presence of electron- 
repelling group -CH* in the benzene ring of CflHsCH3 
molecule enhances the /r-electron density in the molecule, 
making the donation of ^-electron towards electron seeking 
chlorine atom of CC14 easier, thereby accounting for 
increased donor-acceptor type interaction between Q,H5CH3 
and CC14 molecules. This suggests that the interaction ot 
carbon tetrachloride with aromatic hydrocarbons increases 
with the increase of -C H 3 groups in the aromatic ring, as 
pointed out by others [231. Due to this increased interaction 
between CCI4 and Q,H^CH3 molecules the dipole-induced 
dipole interaction between DMSO and CCI4/C6H5CH* 
molecules seems to be slightly reduced as the mole 
fraction of DMSO in DMSO + CC14 + C<JHUCH* system 
increases. Thus, a less pronounced decrease in K E for 
DMSO + CC14 + C6MUCH* system (Table 3) than that for
4
( I 0“ ! 2 rn) ( 1 0
Vt:
i i f - ' mol 1) ( 1()4 kg n f  “ s '1)
2) f  C (>l l sO l 3 (3)
1 5472 0 7190 -4.2851
0 9026 0 3053 -3 3537
1 3769 0 0059 -5  3296
1.5493 -0  1059 -6 .1067
0  6413 - 0  4409 - 3  6665
0 5445 31.2315 ■ 3.3768
0 4103 -0.2613 -2  5449
- 0  1 1 12 - 0  3797 -0.1721
- 0  1674 - 0  3551 0.8523
(2) + C 5H 5CI (3)
3 *105 16 8965 -18  0688
* 2591 1 3 8924 17 2006
3 0289 11.0498 -15 6916
2 6 1 1 2 8 4728 -1 3 .5390
1 5661 3 9509 -7  8310
0.5612 1 0768 -2  6408
0 0743 - 0  I960 0 1383
0  2380 - 0 2644 -0 .1087
- 0  3(8)8 - 0  6872 2 3919
DMSO + t ’Cl4 + C6Ha >suggests that the net attractive
lorce between the components of the former system is less 
than that between the components of latter system. In case 
ot DMSO + CCI4 + C(>H5CI. chlorobenzene molecule is 
quite polar (ju = 1.54 D) |23). The chlorine atom, being an 
electron withdrawing atom, attracts the ^-electrons of the 
benzene ring in C6HsCI molecule and thus, decreases the 
electron density ot the ring. This makes the benzene ring a 
relatively poor electron donor towards the electron-seeking 
chlorine atom of CCl4, thereby, a weak interaction between 
C6H5CI and CCI4 is expected. On the other hand, dipole- 
dipole interaction between DMSO and C6H5CI seems to 
be significant and influences the variation of K E with x.  
The over all decrease in AT/* with x for the system 
DMSO + CC14 + C6HSC1 (Table 3) indicates that dipole- 
dipole interaction between DMSO and CftHsCl molecules 
predominates in this system.
The values of excess intermolecular free lengths iJ j arc 
almost positive, and as expected, those of excess acoustic 
impedances Z E are almost negative for all the three systems 
(Table 3). This suggests that, in addition to dipole-dipole 
and dipole-induced dipole interactions, dispersion forces are 
also operative in all these systems. It has been reported that 
dispersion forces tend to make a positive contribution to the 
excess functions 11,4 J like L hj ,  while a negative 
contribution to Z K is obvious.
Ultrasonic study of m olecular interactions in ternary mixtures etc
T h e  e x c e s s  m o l a r  v o l u m e s  V E a r c  f o u n d  t o  be b o t h  
p o s i t i v e  a n d  n e g a t i v e  ( T a b l e  3 )  w i t h  r e s p e c t  to  c o m p o s i t i o n  
o f  t h e  m i x t u r e s  i n  a l l  t h e  s y s t e m s  s t u d i e d .  S i m i l a i  
v a r i a t i o n s  o f  V E w i t h  c o m p o s i t i o n  h a v e  a l s o  b e e n  r e p o r t e d  
b y  K u m a r  a n d  N a i d u  | 2 4 ]  a n d  C a l v o  e l  a l  [ 2 5 1 in s o m e  
t e r n a r y  l i q u i d  m i x t u r e s .  F o r  t h e  s y s t e m s  1  ( D M S O  +  C C 1 4 
+  Q H g )  a n d  111 ( D M S O  +  C C 1 4  +  C ()H ^ C I )  t h e  v a l u e s  
c h a n g e  f r o m  p o s i t i v e  t o  n e g a t i v e  as th e  m o l e  f r a c t i o n  o f  
D M S O  in  t h e s e  m i x t u r e s  i n c r e a s e s .  It lias b e e n  s u g g e s t e d  
| 4 , 2 6 |  t h a t  K [  a n d  a l s o  \ ' L c h a n g e  s i g n  f r o m  p o s i t i v e  to  
n e g a t i v e  as t h e  i n t e r a c t i o n  b e t w e e n  c o m p o n e n t  m o l e c u l e s  
i n c r e a s e s .  T h i s  a g a i n  s u p p o r t s  o u r  e a r l i e r  v i e w  t h a t  
m o l e c u l a r  i n t e r a c t i o n  b e t w e e n  t h e  c o m p o n e n t  m o l e c u l e s  
i n c r e a s e s  w i t h  i n c r e a s i n g  a m o u n t  o f  D M S O  in  t h ^ s c  
m i x t u r e s .  It  is e v i d e n t  f r o m  T a b l e  3 t h a t  a l m o s t  all | h e  
v a l u e s  a re  n e g a t i v e  f o r  t h e  s y s t e m  I I  ( D M S O  + C C I 4  +  
C ^ H sC H D -  I t  n i t t y  b e  p o i n t e d  o u t  t h a t  f o r  th e  s y s t e m  I I ,  
t he  n e g a t i v e  v a l u e s  o f  V 1 m a y  b e ,  p a r t l y ,  d u e  t o  (the 
d i f f e r e n c e  in  t h e  m o l e c u l a r  s i z e s  o f  t h e  c o m p o n e n t  
m o l e c u l e s .  A s  t h e  m o l e c u l e s  o f  D M S O  ( m o l a r  v o l u m e  =  
7 . 1 9 5  x  1 ( ) ~ 5  m *  m o l _ ! ) a re  m u c h  s m a l l e i  t h a n  t h o s e  o f  
t o l u e n e  m o l e c u l e s  ( m o l a r  v o l u m e  =  1 0 . 7 6 7  x  1 0  s m ^  
m o l - 1 ),  w h i c h  m i g h t  a l l o w  t h e  f i t t i n g  o f  D M S O  m o l e c u l e s  
i n t o  t h e  v o i d s  c r e a t e d  b y  t o l u e n e  m o l e c u l e s ,  r e s u l t i n g  in 
n e g a t i v e  V1 v a l u e s .  A  s i m i l a i  e x p l a n a t i o n  f o r  the n e g a t i v e  
V h h a s  a l s o  b e e n  p r o p o s e d  e a r l i e r  | 4 , 2 7 |  f o r  t h e  l i q u i d  
m i x t u r e s .
4. Conclusion
F lic  d e p e n d e n c e  o f  u l t r a s o n i c  v e l o c i t y  o n  c o m p o s i t i o n  o l  
the m i x t u r e s  is s a t i s f a c t o r i l y  r e p r e s e n t e d  b y  the  e q .  ( I ) T h e  
t r e n d s  in  t h e  v a r i a t i o n s  o f  t h e  p a i a m e t e i s  d e r i v e d  f r o m  
u l t r a s o n i c  v e l o c i t y  a n d  t he  s i g n  a n d  e x t e n t  o f d e v i a t i o n  o f  
t h e  e x c e s s  f u n c t i o n s  f r o m  r e c t i l i n e a r  d e p e n d e n c e  o n  
c o m p o s i t i o n  o f  t h e s e  m i x t u r e s  s u g g e s t  t h e  p r e s e n c e  o f  
m o l e c u l a r  i n t e r a c t i o n  b e t w e e n  t h e  c o m p o n e n t s  o f  t he  
t e r n a r y  m i x t u r e s .  T h e  i n t e r a c t i o n s  a r c  p r i m a r i l y  d u e  t o  
d i p o l e - d i p o l e  a n d  d i p o l e - i n d u c e d  d i p o l e  t y p e .  D i s p e r s i o n  
f o r c e s  a re  a l s o  f o u n d  t o  e x i s t  b e t w e e n  t h e  c o m p o n e n t s  o f  
t he  m i x t u r e s .
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